We investigate the domain growth and phase separation of two-dimensional binary immiscible uid systems using dissipative particle dynamics. Our results are compared with similar simulations using other techniques, and we conclude that dissipative particle dynamics is a promising method for simulating these systems.
Introduction
Growth kinetics in binary immiscible uids has received much attention recently. Phase separation in these systems has been simulated using a variety of techniques, including molecular dynamics, 1;2 cell dynamical systems without hydrodynamics 3 and with Oseen tensor hydrodynamics, 4 time-dependent Ginzburg-Landau models without hydrodynamics 5 and with hydrodynamics, 6;7;8;9 lattice-gas automata (LGA), 10;11;12;13 , and lattice-Boltzmann techniques. 14;15 A central quantity is the average domain size R(t). Typically, one nds that R(t) t : (1) Without hydrodynamic interactions, theory and experiment 16 tell us that the scaling exponent = (in three dimensions), (3) where R h = 2 = is the hydrodynamic length and R d = p is the di usive length, expressed in terms of the kinematic viscosity , density , surface tension , and di usion coe cient . This paper looks at domain growth and phase separation in two-dimensional, binary, immiscible uids using a new simulation technique called dissipative particle dynamics (DPD). We will nd that the method can handle domain growth both qualitatively and quantitatively, yielding the correct scaling exponents and displaying a surface tension satisfying Laplace's law.
Dissipative Particle Dynamics
Hoogerbrugge and Koelman introduced DPD 17 to simulate the behavior of complex uids such as multiphase ows, ow in porous media, colloidal suspensions, 18 microemulsions, and polymeric uids. 19 The traditional continuum-based approach has met with limited success; more recently, new microscopic approaches have been tried. In principle, the most accurate microscopic approach is molecular dynamics (MD). Unfortunately, MD is very slow. Discrete methods based on LGA have proven somewhat successful, but also have their problems, such as lack of Galilean invariance. 20;21 DPD was introduced with the intention of capturing the best aspects of MD and LGA. It does away with the lattice-based problems of LGA, yet maintains the discrete time-stepping which greatly accelerates the algorithm relative to MD. Moreover, the extension from two to three dimensions is straightforward. The key features of the basic model are that the uid is grouped into packets, termed \particles," and that mass and momentum are conserved, but energy is not. Particle positions and momenta are real variables, and are not restricted to a grid. There are two sequential steps to the action: (i) an in nitesimally-short impulse step p i = X j6 =i ijêij ; (4) and (ii) a propagation step taking time t
wherep i ,q i , and m i are the momentum, position, and mass of particle i,ê ij is the unit vector pointing from particle j to particle i, and 
within the cut-o radius r c . (The quantity r ij denotes the separation of particles i and j, and n = N=V is the number density; note also that the normalization given is correct only in two dimensions.) The random variable ij represents the stochastic e ect of the collisions and gives rise to uid pressure, while the second, dissipative, term inside the square brackets yields uid viscosity.
Developments of Dissipative Particle Dynamics
As far as the equilibrium behavior is concerned, the analysis of Español and Warren 22 con rmed that the original model does not lead to the physically correct equilibrium distribution. They wrote down a set of stochastic di erential equations (and an equivalent Fokker-Planck equation) that correspond, with some small modi cations, to the original DPD model
In this equation,F C ij denotes a conservative force acting between particles i and j, whileF D ij andF R ij are the dissipative and random forces. dW ij = dW ji are independent increments of a Wiener process; by Itô calculus dW ij dW kl = ( ik jl + il jk ) dt: (8) Thus, dW ij is an in nitesimal of order 1 2 . 23 Detailed balance is satis ed by this continuous-time version of DPD, 24 and so a Gibbsian equilibrium state is guaranteed to exist. Indeed, one nds 22 that this equilibrium state is the canonical ensemble if the dissipative and random forces assume the following forms: F D ij = ?! ij (ê ij ṽ ij )ê ij ; (9) F R ij =~ p! ijêij ; (10) whereṽ ij is the di erence in velocities of particles j and i, and! ij is known as the friction weight function. From the requirement that the system obey the uctuationdissipation theorem, the noise amplitude~ is related to Boltzmann's constant k B and the equilibrium temperature T bỹ = p 2k B T: (11) We can formulate a discrete-time approximation to Eq. (7) which is very close to the original Hoogerbrugge-Koelman DPD algorithm, the only signi cant change being the insertion of an extra factor of 2(1 ? r ij =r c ) into the dissipative force.
By breaking the random variable ij into its mean 0 and the random part with variance 2 , we can write the discrete-time equations of motion as (12) where ij = ji is a random variable with zero mean and unit variance, and ! ij = 1 ? r ij r c ; 
Immiscible Fluids
In immiscible uid mixtures, individual molecules attract similar and repel dissimilar molecules. The most common example is a mixture of oil and water. At the atomistic level of MD, such interactions demand detailed treatment. However, for accurate mesoscopic and macroscopic descriptions the microscopic model can be drastically simpli ed. In order to model binary immiscible uids, the simplest modi cation to the onecomponent dissipative particle dynamics algorithm is to introduce a new variable, the \color." 25;26 The original authors appear confused 17;26 about exactly how the interaction of di erent-color particles would di er from same-color particles. However, making use of a recent thermodynamically consistent formulation of DPD for interacting multicomponent systems 27 , in the present paper we increase only the conservative force, thereby increasing the repulsion between di erent-color particles. That is, It should be noted that this model also di ers from that employed in our own previous study, in which the uctuations between unlike particles were also increased. 28 However, as we shall show here, the results we compute are not substantially altered by this modi cation. The model in Eq. (18) was used for all the simulations L y 100 described in this paper, with the value of the parameters as given in Table 1 (the only exception is , which was decreased by a factor of twenty for the bubble surface tension simulations). Note that the timestep was reduced by a factor of ten (from t = 1 to 0:1) in line with Español and Warren's recommendations. 22 All simulations were in an L x by L y rectangular box with periodic boundary conditions.
As for the single-phase DPD uid, the Navier-Stokes equations are obeyed within regions of homogeneity in each of the two immiscible uids, while detailed balance is preserved, at least in the limit of continuous time. 27 
Scaling Laws for Binary Fluid Separation
Our simulation procedure is to run a simulation from a quench, calculating the static structure function 10 
Using this information we can calculate the characteristic domain size R = 1 hki : (20) Theory and experiment 16 say the domains should scale with time as Eq. (1). Several simulations di ering in their random initial state were ensemble-averaged. Figure 1 shows a series of snapshots of a single simulation started from a symmetric quench. For each simulation, the log-log plot was examined for possible exponents. Figure 2 is a sample log-log plot of the simulation shown in Figure 1 observed in the asymmetric quenches (60:40 and 70:30 color ratios giving = 0:48 0:05 and = 0:45 0:02 respectively), even though the simulations evolved an order of magnitude longer than the symmetric quenches and the nal domains were much larger. Simulations were also run to determine the early-time exponent for a symmetric quench where momentum is not conserved; we found = 1 3 (0:38 0:05). This scaling behavior has been observed in MD, 30 Langevin dynamics 8;9 and LGA simulations, 13 and agrees with the results of a renormalization-group approach which includes droplet coalescence due to Brownian motion. 16 
Bubble Surface Tension
Phase separation in binary uids depends, among other things, on the interfacial tension which exists between the two immiscible phases. When hydrodynamic e ects are important, the crossover between di usive and hydrodynamic regimes occurs when the domain size R(t) is larger than the hydrodynamic length R h . A further important test of our DPD model for binary uid separation is thus to check on the existence of a surface tension between the two phases by con rming the validity of Laplace's law using a series of bubble simulations inspired by earlier lattice gas analogues. 13;31 Our procedure is to set up a circular bubble of one color phase within the other phase, and allow the bubble to reach equilibrium. We then calculate the pressure inside (r < 0:7R 0 ) and outside (r > 1:3R 0 ) of the bubble, using equilibrium statistical mechanics, 32 which tells us that in two spatial dimensions we can write the instantaneous pressure function (P) of a system in terms of the internal virial 
The thermodynamic pressure (P ) and temperature (T ) of the system are the time averages of P and T .
Because of the work of Español, Warren, and Coveney, 22;27 we can be sure that a temperature exists and is meaningful, at least in the continuous-time limit. It is thus interesting to note the dependence of the equilibrium temperature on the size of the timestep for a small (N = 1600) homogeneous system of identical particles and to compare it to the theoretical continuous-time value given by Eq. (17): k B T = 0:147; this behavior is shown in Table 2 . At the timestep used for the simulations in this paper ( t = 0:1), the equilibrium temperature is roughly twice its theoretical value.
With the expression for the pressure from Eqs. (21){(23) and our binary uid, we can verify Laplace's law 31 P in ? P out = R ; (24) where is the interfacial surface tension. We can see from our results in Figure 3 that we have the expected linear behavior, and estimate the surface tension as = 0:06 0:03. The kinematic viscosity of this system can be estimated from the continuous-time viscosity 33 as = 0:7 0:9, where the error is assumed to be of the same order of magnitude as that of the temperature. From this we can calculate the hydrodynamic length R h = 2 = = 2 5. This value compares reasonably well with that derived from our simulations of spinodal decomposition.
Conclusions
We have studied binary immiscible uid behavior in two dimensions using a novel simulation technique called dissipative particle dynamics, and have found algebraic scaling laws in agreement with expectations. 16;28 We have also veri ed that Laplace's law holds in a series of simple bubble experiments, con rming the existence of a surface tension between the two phases. We conclude that DPD is a promising method for simulating the properties of uid systems. Current work in progress includes the extension of the methods described here to three dimensional binary immiscible uids.
